Background: As part of the maintenance of lakes and rivers, large quantities of aquatic biomass are produced every year. Neophytes, such as Elodea nuttallii, compete with native species and cause a disturbance to the ecosystem, which can manifest itself in the form of eutrophication. Aquatic macrophytes are not in competition with the production of food and animal feed and thus can be used in anaerobic digestion plants to replace a fraction of commonly used renewables such as maize or grass silage. Mixed silage of Elodea biomass with wheat straw was recently developed to allow for the conservation of mowed aquatic biomass. In this paper, the digestibility of this silage was tested in a long-term semi-continuous fermentation experiment with a duration of 212 days. Methods: A continous-stirred tank reactor with a working volume of 31 L was used for the semi-continuous fermentation experiment. The substrate Elodea-straw silage was supplied to the fermenter once a day. The samples of digestates were analyzed directly after sampling twice a week for total solids, volatile solids, VFA/TAC, NH 4 -N, acetate, propionate, butyrate, and water-solutle elements. The biogas composition was determined by means of gas chromatograph once a week.
Background
Aquatic macrophytes are plants that grow in water and have adapted to their water habitat. In addition to submerged and immersed plants such as waterweed, there are also marsh plants (helophytes) such as reeds growing in bodies of water. Aquatic plants are valuable inhabitants of the biotopes of flowing and standing waters in Germany. They are habitats for small water animals including fry, they serve as feed for aquatic herbivores, and they release oxygen into the water and take up nutrients. Furthermore, they provide competition to algae growth. However, if overgrowth occurs, aquatic macrophytes can create problems in the operational use of waterways that can have serious economic consequences for the operators of these bodies of water. A particular role is played by invasive neophytes such as waterweed, some parrot's feather species, and duckweed. The strong covering of vegetation inhibits ship and boat traffic in flowing and standing waters. The slightly fragile plants that remain after the vegetation period can accumulate and then negatively influence flood protection, water engineering works, and the operation of hydroelectric power stations. There are also problems in the use of the waters as recreation areas-e.g., bathing facilities can become severely impaired. The proliferation of these plants can influence standing and flowing waters in a long-term manner.
To get an idea of the range of the problem, the following example should be mentioned: narrow-leaved waterweed (Elodea nuttallii) has been proliferating at an enormous rate in German waterways and lakes in recent decades. In 2004, about 26,000 metric tons of fresh plant material was produced in the Goitzsche lake (13 km 2 ) in Saxony-Anhalt, Germany [1] .
In order to solve the abovementioned problems, various costly measures are implemented for the removal and reduction of macrophytes in waters. Most often, the aquatic macrophytes are mowed using mowing boats [2] and disposed of without further use. Due to this reason, costs for water operators arise. In 2008, the total cost of weed control in watercourses in Germany was estimated at about 100 million euros per year [3] . Hussner et al. [4] also reported recently that the costs for combating invasive water plants in Europe were several million euros per year. It must be assumed that these costs will continue to increase, with the inclusion of the standing bodies of water and the gradual spread of neophytes.
The water plants are not very suitable for composting because of their high water content. However, this aquatic biomass is an attractive substrate for biogas production as it does not compete with agricultural land use for food and feed production and does not need any agricultural land or processing (fertilizing, etc.) as the water plants grow in the natural aquatic environment.
The mowing of aquatic macrophytes in waters subject to overgrowth leads to phosphorus removal from eutrophic waters as water plants and, in particular, waterweed accumulate phosphorus in their biomass [5] .
Initial studies have shown that waterweed produces a relatively high biogas yield of 415 to 520 L N /kg VS depending on its origin [6] . Waterweed can thus be used in anaerobic digestion plants to replace a fraction of commonly used renewables such as maize or grass silage. However, the disadvantage of water plants is their high water content of 85-95%. This issue complicates logistics, processing, and storage. In cold climatic regions, substrate conservation is necessary in order to guarantee year-round substrate availability. For this reason, mixed silage of waterweed with wheat straw was recently developed [7] . The advantage of using a wheat straw is its good availability and its ability to take up water from waterweed.
The aim of the research presented in this Short Communication was to test this mixed silage for its biodegradability in a long-term semi-continuous fermentation experiment. As main issues, the biogas yield and the stability of the anaerobic digestion process were investigated.
Methods

Digestates and substrate
The digestate for the semi-continuous fermentation experiment originated from an agricultural cooperative close to Grimma, Germany. The biogas plant of the agricultural cooperative has being loaded daily with 35 m 3 of cattle slurry, 12 t of maize silage, 5 t of grass silage, and 3 t of whole grain. The characteristics of the digestate are presented in Table 1 .
The substrate for the semi-continuous fermentation process was Elodea straw silage (TS = 29.8% WW; VS = 85.0% TS) that was developed by the researchers at the German Biomass Research Centre (Deutsches Biomasseforschungszentrum -gGmbH, DBFZ) in Leipzig as part of the "AquaMak" project [7] . This mixed silage contained waterweed biomass (Elodea nuttallii) and chopped wheat straw with a total solids (TS) of 30%. The plant biomass of Elodea was harvested from the river Parthe in Leipzig. Chemical silage auxiliaries based on formic acid and propionic acid were added to support the ensiling process. For ensilaging the substrate mix, lockable plastic drums and vacuum bags were used.
Technical equipment
One CSTR (continuous-stirred tank reactor) with a total volume of 40 L and a working volume of 31 L was used for the semi-continuous fermentation experiment. The motor of the stirrer (stirrer RZR 2101 control, Heidolph) was placed above the reactor. The stirrer had a rotation speed of 65 rpm. A tube in a U-form filled with distilled water was used as an overpressure and underpressure safety device. The process temperature was adjusted to 38°C using a water-heated reactor jacket and a circulating thermostat (Integral T 1200, Lauda, Germany). The bioreactor was fitted with an insulating layer. The pH and temperature in the digester were measured using a combination sensor (FU20, Yokogawa Deutschland GmbH, Germany). The biogas production was measured by a drum gas meter (TG05-PVC, Dr.-Ing. RITTER Apparatebau GmbH & Co. KG, Germany). Online measured data, such as biogas production, temperature, and pH, were recorded by a data logger. In order to determine the methane content in the biogas, a sample of biogas was taken from the reactor once a week using a separate sampling device at the gas measuring section.
Experimental setup
The substrate was supplied to the fermenters once a day, 7 days a week. After an adjustment period (AP) of 7 days at an organic loading rate (OLR) of 0.5 kg VS /(L*d), the ORL was adjusted as described in Table 2 . The hydraulic retention time (HRT) was adjusted by adding tap water to the feeding substrate in accordance with Table 2 . The reason for the shortening of HRT in period III of the fermentation was to enable agitation after the increase of the OLR to 3 kg VS /(L*d). In order to support the AD process and ensure a defined substrate composition, a nitrogen source, 66.4 g of urea, was added on day 183.
Samples of digestate were taken twice a week and analyzed as described below. The experiment lasted 212 days.
Analyses
The samples of digestates were analyzed directly after sampling. The methods used for the analyses are summarized in Table 3 . TS and volatile solids (VS) were measured in the original samples without pre-treatment. The samples were passed through a sieve with a mesh size of 0.75 mm. The sieved sample was centrifuged for 10 min at 5.300 rpm (Heraeus-Labofuge 200, Thermo Fisher Scientific GmbH, Dreieich, Germany) and filtered afterwards (SM 16249 pressure filtration device, Sartorius, Göttingen, Germany; nylon membrane filter: pore size 0.45 μm, Whatman, Germany) and analyzed for ammonium-nitrogen (NH 4 -N) and the volatile fatty acids (VFA) acetate, butyrate, and propionate.
Once a week, a 20 mL sample of biogas was taken, and its biogas composition (methane, hydrogen, nitrogen, and oxygen percentages) was determined by means of gas chromatography using an Agilent GC 6850 WLD wavelength detector (Agilent Technologies, USA) and an HP Plot separation column as well as argon as the carrier gas. A gas mixture of 49.8% methane and 50.2% nitrogen was used as the calibration gas.
Results and discussion
The time profiles of daily biogas production and volatile fatty acids are presented in Fig. 1 .
During period I with an OLR of 1 g VS /(L*d), the methane concentration in the biogas was 49.6 ± 2.7%, and the specific biogas yield was 452 ± 43 mL N /(g VS *d) on average. The acetate concentration rose during the first 2 weeks to values of about 2000 mg/L in an almost linear manner. However, over the further course of the experiment, the acetate concentration stabilized at values below 500 mg/L (Fig. 1) . During period II with an OLR of 2 g VS /(L*d), the specific biogas yield first dropped to one third of its initial value, but over a period of 2 weeks, the specific biogas yield (SBY) returned to its value before the OLR increase. The SBY was 478 ± 84 mL N / (g VS *d) in the second phase (II); the methane content in the biogas was 50.6 ± 3.7%. During period III, the methane concentration in the biogas was 51.2 ± 14.5%, and the average specific biogas yield was 505 ± 40 mL N / (g VS *d). This means that the average specific methane yield (SMY) was found to be as high as approximately 259 mL CH4 /(g VS *d) on average, which confirms the results of Gallegos et al. [7] , who determined the methane potential for the substrate used here in fermentation batch tests. According to their results, 231 ± 5 mL CH4 / g VS was produced from Elodea straw silage. Furthermore, the SMY is as high as the SMY of rye grass silage (249-399 mL CH4 /(g VS *d) [8] ) or of swine manure (240 mL CH4 /(g VS *d) [9] ). Pure straw silages reach SMYs of 180-300 mL/(g VS *d) [10] . The concentrations of volatile fatty acids rose very quickly after the increase of the OLR to 3 g VS /(L*d). The propionate concentration achieved a value of 2500 mg/L; the acetate concentration was 1700 mg/L, and the butyrate concentration reached its maximum of 92 mg/L. Over-acidification led to a decrease in biogas production, and as a result, the experiment was stopped after 212 test days. Kampmann et al. [11] described for an AD experiment that an overacidification of the digestate was accompanied by an increasing OLR amount of maize silage right up to overloading. Therefore, the optimum OLR for the Elodea straw silage substrate was achieved at 2 g VS /(L*d) in the case described here where no acidification of the digestate was observed during this period. The ammonium-nitrogen concentration was approximately 2000 mg/L at the beginning and dropped to a critical concentration of 500 mg/L on day 183. After the addition of urea, the ammonium-nitrogen concentration rose to 1200 mg/L again and remained above 800 mg/L until the end of the fermentation experiment. No trace element additives had to be added.
The volatile fatty acid (VFA)/Alkalinity, buffer capacity (TAC) ratio and the pH value are shown in Fig. 2 . The pH was stable in the range of 8.0 ± 0.2 in the first (I) and second (II) periods of the fermentation experiment. Thus, the optimum for methanogenic archaea was maintained, and the required pH conditions for the biogas process of pH = 6.5 to 8.1 according to Graf [12] were ensured. After the addition of urea on day 183, the pH value rose to 8.25 for a short period. At the end of the experiment after period III, the pH dropped to 7.4 due to over-acidification of the digestate.
The condition of the biogas process in the fermenter can be quickly assessed using the VFA/TAC ratio [13] . If the ratio of volatile fatty acids (VFA) to the total inorganic carbonate buffer (TAC) exceeds a critical value (0.4), the process must be assumed to be overloaded [9, 14] . Despite the increased acetate concentration during period I, the VFA/TAC ratio remained stable at 0.25 ± 0.05. The critical VFA/TAC ratio of 0.4 was transcended only in period III (from 0.23 at the beginning to 0.76 at the end of period III), caused by the increase in the substrate input, while the buffer capacity decreased from 13.6 ± 0.9 (mean value of TAC during periods I and II) to 6.3 g CaCO3 /L on day 211 (Fig. 3a) . The increase in the VFA/TAC ratio despite decreasing TAC values was caused by a strong increase of VFA from 3.3 ± 0.8 g/L (mean value of VFA during periods I and II) to 4.8 g/L on day 211. After increasing the OLR to 3 g VS /(L*d), the VFA/ TAC ratio increased slowly up to a value of 0.58 in parallel with the steady increase of the acetate and propionate concentrations. Both VFA/TAC and pH reflect the situations immediately after the increase of the OLR in period III and can therefore be explained by the adaptation of the microorganisms to the increased substrate addition. The concentrations of water-soluble elements ( Fig. 3b-f ) were mostly stable during the first two periods of the experiment. Nevertheless, as in the case of TAC (Fig. 3a) , the concentrations of these elements changed rapidly. The magnesium (Fig. 3c) , phosphorus (Fig. 3d) , and potassium (Fig. 3f ) concentrations fell, whereas the concentrations of calcium (Fig. 3b) and sodium ( Fig. 3e) displayed an upward trends. After the addition of urea on day 183, these tendencies were reversed for 14 days before returning back thereafter. This effect was due to the pH shift in the water phase caused by the urea addition, as can be seen in Fig. 2 .
The results showed that the mono-digestion of the Elodea wheat straw silage is possible. However, it was necessary to add a nitrogen source in order to prevent a process failure. For this experiment, urea was chosen as a nitrogen source as it is a well-defined substance. For the practice, co-digestion using co-substrates high in nitrogen such as poultry manure [15] has to be taken into account.
Conclusions
The results of this semi-continuous fermentation experiment confirm the digestibility of Elodea straw silage in the biogas process in a long-term experiment which was the aim of this Short Communication. It was shown that mono-fermentation of the given substrate was stable for a time period of at least 6 months. The maximum OLR in the fermentation experiment was found to be as high as 3 g VS /(L*d). Nevertheless, at this OLR, the digestate in the fermenter became too viscous, resulting in clogging and insufficient mixing and this lead to overacidification. Thus, the most stable results were achieved at an OLR of 2 g VS /(L*d), when the highest specific biogas yield of 642 mL N /(g VS *d) was reached. Further experiments are needed in order to evaluate the behavior of the Elodea straw silage in non-continuously stirred systems, which are common in practice.
